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This  paper  proposes  and  implements  a  thermoelectric  waste  heat  energy  recovery  system  for  internal 
combustion  engine  automobiles,  including  gasoline  vehicles  and  hybrid  electric  vehicles.  The  key  is  to 
directly  convert  the  heat  energy  from  automotive  waste  heat  to  electrical  energy  using  a  thermoelectric 
generator,  which  is  then  regulated  by  a  DC-DC  Cuk  converter  to  charge  a  battery  using  maximum  power 
point  tracking.  Hence,  the  electrical  power  stored  in  the  battery  can  be  maximized.  Both  analysis  and 
experimental  results  demonstrate  that  the  proposed  system  can  work  well  under  different  working  con¬ 
ditions,  and  is  promising  for  automotive  industry. 

©  2009  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

With  ever  increasing  price  of  oil  and  growing  concern  on  energy 
conservation,  the  development  of  energy-efficient  technologies  for 
automobiles  has  taken  on  an  accelerated  pace.  Electric  vehicles 
used  to  be  considered  as  the  most  energy-efficient  and  environ¬ 
mental  road  transportation  [1].  However,  the  available  energy 
sources  for  electric  vehicles  are  of  insufficient  capacity  to  enable 
them  directly  competing  with  existing  gasoline  automobiles  [2]. 
In  recent  years,  hybrid  electric  vehicles  have  been  identified  as 
the  most  feasible  energy-efficient  road  transportation,  although 
they  are  not  of  absolutely  zero  emission  [3].  Nevertheless,  both 
gasoline  vehicles  and  hybrid  electric  vehicles  have  employed  inter¬ 
nal  combustion  engines  which  are  inefficient.  Fig.  1  shows  a  typical 
energy  flow  path  of  an  internal  combustion  engine  in  which  only 
about  25%  of  the  fuel  combustion  can  be  utilized  for  vehicle  oper¬ 
ation,  whereas  about  40%  is  lost  in  the  form  of  waste  heat  of  ex¬ 
haust  gas  [4].  As  a  result,  the  average  temperature  of  the  exhaust 
manifold  is  over  250  °C. 

In  parallel  with  the  improvement  of  the  efficiency  of  internal 
combustion  engines,  many  researchers  actively  investigate  the 
use  of  thermoelectric  (TE)  technology  to  recover  the  waste  heat  en¬ 
ergy  for  gasoline  vehicles  [5-7],  and  hybrid  electric  vehicles  [8,9]. 
The  corresponding  research  activities  have  been  focused  on  the 
development  of  TE  materials  which  can  offer  higher  energy  conver¬ 
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sion  efficiency  and  wider  operating  temperature  range  of  internal 
combustion  engines  [5,7].  Recently,  the  investigation  has  been  ex¬ 
tended  to  the  development  of  the  whole  TE  waste  heat  energy 
recovery  system.  However,  such  investigation  is  mainly  under  fea¬ 
sibility  study  [6,9]. 

The  maximum  power  point  tracking  (MPPT)  is  a  well-known 
control  technique  which  can  enable  the  photovoltaic  (PV)  power 
system  to  operate  at  its  maximum  power  capability  under  various 
sunlight  intensities  [10].  Very  recently,  this  control  technique  has 
been  introduced  into  the  thermoelectric  generation  (TEG)  power 
system  [11,12].  In  [11],  the  corresponding  MPPT  technique  is  based 
on  the  battery  current  feedback  only,  while  assuming  the  battery 
voltage  to  be  constant.  However,  all  practical  batteries  have  a  sig¬ 
nificant  change  of  terminal  voltages,  especially  during  charging, 
which  should  not  be  neglected.  In  [12],  the  corresponding  MPPT 
technique  is  based  on  the  measurement  of  power  which  is  derived 
from  the  TEG  terminal  voltage  and  current.  However,  such  maxi¬ 
mization  has  not  taken  into  account  the  power  converter  loss, 
which  should  not  be  a  constant. 

In  this  paper,  a  new  TE  waste  heat  energy  recovery  system  is 
proposed  and  implemented  for  internal  combustion  engine  auto¬ 
mobiles.  Instead  of  using  the  TEG  terminal  voltage  and  current, 
the  MPPT  controller  will  utilize  the  battery  terminal  voltage  and 
current  to  maximize  the  output  power,  thus  taking  into  account 
the  battery  voltage  variation  and  the  non-constant  power  con¬ 
verter  loss.  Also,  the  DC-DC  Cuk  converter  will  be  used  to  regulate 
the  power  flow  between  the  TEG  and  the  battery  pack.  It  takes  the 
definite  advantages  that  both  of  its  input  current  and  output 
current  are  non-pulsating,  which  can  significantly  minimize  the 
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Fig.  1.  Energy  flow  path  in  internal  combustion  engine. 


disturbance  on  TEG  operation  and  enhance  the  battery  current 
measurement. 

In  Section  2,  the  TEG  will  be  introduced,  and  its  characteristics 
will  be  described.  In  Section  3,  the  waste  heat  energy  recovery  sys¬ 
tem  for  internal  combustion  engine  automobiles  will  be  discussed. 
Then,  Section  4  will  be  devoted  to  presenting  the  proposed  power 
conditioning  system,  including  the  Cuk  converter  and  the  MPPT 
controller.  In  Section  5,  experimental  results  will  be  given  to  verify 
the  validity  of  the  proposed  system.  Finally,  Section  6  will  discuss 
the  uncertainties  and  equipment  errors  in  the  experiment  and 
their  impacts  on  the  results. 

2.  Thermoelectric  generation 

The  Seebeck  effect  is  the  conversion  of  temperature  differences 
directly  into  electricity.  This  effect  was  first  discovered  by  Thomas 
Johann  Seebeck  in  1821,  who  found  that  a  voltage  existed  between 
two  ends  of  a  metal  bar  when  a  temperature  gradient  existed  in  the 
bar.  Based  on  the  Seebeck  effect,  the  TEG  system  takes  the  advan¬ 
tages  of  no  moving  parts,  silent  operation  and  very  reliable.  For 
automobiles,  including  both  gasoline  vehicles  and  hybrid  electric 
vehicles,  the  waste  exhaust  heat  can  be  recovered  directly  to  elec¬ 
trical  energy  for  battery  charging,  thereby  increasing  the  overall 
vehicle  fuel  efficiency. 

Fig.  2  depicts  a  single  TEG  couple  in  which  the  n-type  and  p- 
type  semiconductor  materials  are  configured  thermally  in  parallel 
and  electrically  in  series.  As  the  heat  moves  from  hot  sides  to  cold 
sides,  the  accumulation  of  charge  carriers  in  semiconductors  gen¬ 
erates  an  electrical  potential  between  the  ends  of  this  TEG  couple. 
Typically,  in  a  practical  TEG  device,  about  120  such  TEG  couples  are 
connected  in  series  to  bring  the  voltage  up  to  a  useful  level.  In  this 
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paper,  an  experimental  TEG  system  is  shown  in  Fig.  3  in  which  six 
TEG  devices  are  connected  in  series,  and  then  sandwiched  tightly 
between  a  copper  radiator  and  a  copper  plate.  The  water-cooled 
copper  radiator  serves  as  the  cold  sides  of  all  TEG  devices,  while 
the  copper  plate  works  as  the  hot  sides  of  all  the  devices. 

A  single  Bi-Te  based  TEG  device  is  used  for  exemplification.  An 
electric  heater  is  used  to  provide  different  hot-side  temperatures: 
100, 150,  200  and  250  °C,  while  the  cold-side  temperature  is  main¬ 
tained  at  50  °C  by  using  a  water-cooled  radiator.  The  correspond¬ 
ing  open-circuit  output  voltages  are  measured  as  2.02,  3.52,  4.56 
and  5.25  V,  respectively.  Then,  by  varying  the  load  resistance  from 
2  to  10  Q,  the  output  voltage,  output  current  and  output  power  of 
the  device  versus  the  load  resistance  Ri  under  different  hot-side 
temperatures  are  recorded  as  shown  in  Figs.  4-6,  respectively. 
Consequently,  after  connecting  six  TEG  devices  in  series,  the 
open-circuit  voltage  Vg  and  the  corresponding  internal  resistance 
Rg  of  the  whole  TEG  system  under  different  hot-side  temperatures 
are  obtained  as  shown  in  Fig.  7.  It  can  be  observed  that  both  Vg  and 
Rg  increase  with  the  temperature  difference  AT.  In  order  to  enable 
the  maximum  power  transfer  from  the  source  to  the  load,  Rg  needs 
to  be  equal  to  Ri.  Thus,  the  maximum  power  transfer  can  be 
achieved  when  Ri  is  controlled  in  accordance  with  AT. 

3.  Automotive  waste  heat  energy  recovery 

Basically,  a  practical  automotive  waste  heat  energy  recovery 
system  consists  of  an  exhaust  gas  system,  a  heat  exchanger,  a 
TEG  system,  a  power  conditioning  system,  and  a  battery  pack. 
There  are  various  considerations  and  alternatives: 

•  A  typical  exhaust  gas  system  for  internal  combustion  engines  is 
composed  of  the  exhaust  manifold,  exhaust  pipe,  catalytic  con¬ 
verter,  center  muffler  and  rear  muffler.  It  is  a  natural  choice  that 
the  heat  exchanger  should  be  installed  at  the  location  with  the 
highest  temperature,  namely  at  the  exhaust  manifold.  Taking 
into  account  the  working  temperature  of  the  TEG  device  and 
the  convenience  of  mounting  the  heat  exchanger,  a  compromise 
may  be  required  on  the  selection  of  heat  exchanger  location. 


Copper  radiator 


Fig.  2.  Configuration  of  TEG  couple. 


Fig.  3.  Configuration  of  experimental  TEG  system. 
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Fig.  4.  Output  voltage  characteristics  of  TEG  device. 


Fig.  7.  Output  voltage  and  internal  resistance  characteristics  of  TEG  system. 


Fig.  5.  Output  current  characteristics  of  TEG  device. 


•  The  TEG  system  is  governed  by  the  selected  TE  materials  which 
need  to  offer  high  energy  conversion  efficiency,  namely  the  fig¬ 
ure  of  merit  ZT  as  defined  by  ZT  =  S2T/Kp  where  S  is  the  thermo¬ 
electric  power,  T  is  the  absolute  temperature,  k  is  the  total 
thermal  conductivity  and  p  is  the  electrical  resistance  [6].  In 
recent  years,  the  characteristics  of  thermoelectric  materials  have 
been  significantly  improved  in  terms  of  both  the  ZT  value  and 
the  temperature  range.  For  example,  the  p-type  and  n-type  Bi- 
Te  materials  offer  the  optimal  ZT  values  at  the  temperature 
range  of  exhaust  gas. 

•  Rather  than  directly  connecting  the  TEG  system  to  the  battery 
pack,  a  power  conditioning  system  needs  to  be  installed 
between  them  as  shown  in  Fig.  8.  This  power  conditioning  sys¬ 
tem  functions  to  regulate  the  power  flow  in  such  a  way  that  the 
maximum  power  transfer  can  be  achieved.  The  two  key  issues 
are  the  design  of  a  proper  power  converter  and  the  devise  of 
an  effective  control  algorithm,  which  will  be  discussed  later. 

Consequently,  the  proposed  TE  waste  heat  energy  recovery  sys¬ 
tem  for  automobiles  is  shown  in  Fig.  9.  Firstly,  when  the  internal 
combustion  engine  operates,  the  heat  exchanger  mounted  on  the 
catalytic  converter  of  the  exhaust  gas  system  captures  the  waste 
heat.  Secondly,  the  thermal  energy  of  the  heat  exchanger  is  trans¬ 
ferred  to  the  TEG  system,  which  directly  generates  electricity.  Fi¬ 
nally,  the  power  converter  performs  power  conditioning  in  such 
a  way  that  the  maximum  power  transfer  can  be  attained. 

4.  Proposed  power  conditioning 

4.1.  Cuk  converter 

Since  its  invention  in  1977  [13],  the  Cuk  converter  has  received 
much  attention  from  the  arena  of  power  electronics.  Its  major  asset 
is  that  both  input  and  output  currents  are  continuous,  namely 


Fig.  6.  Output  power  characteristics  of  TEG  device. 


•  The  heat  exchanger  can  directly  combine  with  the  TEG  system  to 
form  a  united  system,  hence  offering  a  compact  structure.  Alter¬ 
natively,  the  heat  exchanger  can  work  with  the  TEG  system  by 
means  of  a  pump  which  circulates  the  working  fluid  between 
them.  The  use  of  this  pumping  loop  allows  for  a  wider  variation 
of  exhaust  gas  flow  and  hence  thermal  flux.  It  should  be  noted 
that  the  design  of  heat  exchanger  involves  a  tradeoff  between 
the  thermal  exchanger  efficiency  and  the  exhaust  gas  flow  rate. 


TEG 


Fig.  8.  TEG  power  system. 
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Fig.  9.  Waste  heat  energy  recovery  system. 

there  is  no  time  gap  where  the  ripple  current  falls  to  zero.  By  wind¬ 
ing  the  input  and  output  inductors  on  the  same  core,  the  ripple 
amplitude  can  be  reduced  to  zero.  This  feature  is  utmost  important 
for  the  proposed  power  conditioning;  otherwise,  a  pulsating  input 
current  will  greatly  disturb  the  operating  point  of  the  TEG  device, 
while  a  pulsating  output  current  will  significantly  perturb  the  bat¬ 
tery  voltage  level. 

A  basic  Cuk  converter  is  shown  in  Fig.  10.  When  the  switching 
frequency  fs  is  sufficiently  high  or  the  capacitance  Ci  is  sufficiently 
large,  the  converter  always  operates  with  a  continuous  capacitor 
voltage,  so-called  the  continuous  capacitor  voltage  (CCV)  mode. 
In  this  mode  of  operation,  there  are  two  topological  stages  as 
shown  in  Fig.  1 1 ,  in  which  the  switch  S  is  turned  on  within  the  per¬ 
iod  of  3TS  and  turned  off  within  the  period  of  (1  -  3)TS ,  where  S  is 
the  duty  cycle  and  Ts  is  the  switching  period.  The  corresponding 
theoretical  waveforms  are  shown  in  Fig.  12. 

From  its  principle  of  operation,  the  voltage  conversion  gain, 
namely  the  ratio  of  output  voltage  V0  to  input  voltage  Vt  can  be  eas¬ 
ily  deduced  as: 

1  -  (5 


a) 


which  indicates  that  V0  can  be  larger  or  smaller  than  Vt,  depending 
on  the  value  of  3 ,  while  the  minus  sign  denotes  that  the  terminals  of 
V0  and  Vi  are  of  opposite  polarity.  Taking  the  average  currents  flow¬ 
ing  through  the  inductors  L\  and  L2  be  Ji  and  J2,  respectively,  the 
capacitor  voltage  Vc  and  the  diode  voltage  Vd  can  be  expressed  as: 


V2  T-  (— t  +  3TS)  0  <  t  <  3TS 
V2+±(t-STs)  STs  <  t  <  Ts 
Vc  0  <  f  <  STs 
0  STs  <  t  <  T, 
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where  V2  is  the  minimum  value  of  Vc.  At  steady  state,  the  average 
voltage  across  U  and  l2  are  both  zero.  Hence,  V{  is  equal  to  the  aver¬ 
age  value  of  (Vc  -  Vd),  which  can  be  deduced  as: 

Vi  =  Ys  jfVc  -  Vd)dt  =  V2(l  -  S)  +^T(1  -  <5)2  (4) 

Hence,  the  input  resistance  of  the  converter  can  be  obtained  as: 
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Fig.  11.  Topological  stages  in  CCV  mode. 
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Fig.  10.  Basic  Cuk  converter. 


It  can  be  found  that  Rt  changes  with  3 ,  namely  Rt  increases  with  the 
decrease  of  3  and  vice  versa  for  3  e  [0, 1  ]. 

4.2.  MPPT  control 

MPPT  control  has  been  widely  implemented  in  PV  power  sys¬ 
tems,  and  its  effectiveness  is  well  proven.  There  are  many  MPPT 
control  techniques  that  have  been  proposed.  Among  them,  the  per- 
turb-and-observe  (P&O)  technique,  incremental-conductance  tech¬ 
nique,  parasitic-capacitance  technique  and  constant-voltage 
technique  are  considered  to  be  viable  for  practical  implementation 
[10]. 

The  P&O  technique  is  an  iterative  approach  that  perturbs  the 
operating  point  of  the  PV  power  system  and  then  observes  the  out¬ 
put  power  so  as  to  determine  the  direction  of  change  for  maximiz¬ 
ing  the  output  power.  Thus,  the  maximum  power  can  be  eventually 
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achieved  by  forcing  the  derivative  of  output  power  to  be  equal  to 
zero  under  power  feedback  control.  It  takes  the  definite  advantages 
that  there  is  no  need  to  have  an  accurate  model  of  the  PV  power 
system,  and  the  online  searching  process  can  automatically  handle 
minor  parameter  variations.  However,  this  MPPT  technique  is 
unsuitable  for  those  PV  power  systems  under  rapidly  changing 
atmospheric  condition. 

As  the  TEG  power  system  has  similar  voltage-current  ( V-I ) 
characteristics  as  the  PV  power  system,  it  can  borrow  the  MPPT 
techniques  that  have  been  developed  for  the  PV  power  system. 
Since  the  operating  temperature  of  the  internal  combustion  engine 
does  not  have  a  rapid  change,  the  aforementioned  shortcoming  of 
the  P&O  technique  will  not  occur  at  the  TEG  power  system.  So,  this 
MPPT  technique  is  adopted  for  the  proposed  waste  heat  energy 
recovery  system. 

4.3.  Implementation 

The  proposed  power  conditioning  system  is  implemented  as 
shown  in  Fig.  13.  It  consists  of  the  TEG  system,  the  Cuk  converter, 
the  MPPT  controller  and  the  battery  pack.  The  TEG  system  is  con¬ 
figured  by  connecting  six  Bi-Te  TEG  devices  in  series.  The  MPPT 
controller  is  digitally  implemented  by  a  low-cost  microcontroller 
which  possesses  an  analog-to-digital  converter  (ADC)  to  capture 
the  feedback  signals  and  a  direct  pulse-width-modulated  (PWM) 
output  to  drive  the  power  MOSFET  of  the  Cuk  converter. 

As  illustrated  in  Fig.  8,  the  maximum  power  transfer  occurs 
when  Rg  of  the  TEG  system  equals  R,  of  the  Cuk  converter.  Mean¬ 
while,  (5)  shows  that  R,  is  a  function  of  S.  Therefore,  by  tuning  S 
properly,  Rt  can  match  with  Rg1  hence  achieving  maximum  power 
transfer  at  different  temperatures.  Compared  with  the  previous 
works,  this  power  conditioning  system  offers  two  important 
features: 

•  Both  the  battery  voltage  and  battery  current  are  online  mea¬ 
sured  and  used  to  calculate  the  output  power.  Thus,  the  varia¬ 
tion  of  battery  voltage  during  charging  can  be  taken  into 
account.  It  should  be  noted  that  this  voltage  variation  may  be 
over  20%  for  the  commonly  used  lead-acid  battery  [1]. 

•  Rather  than  maximizing  the  TEG  output  power,  the  MPPT  con¬ 
troller  maximizes  the  converter  output  power  which  is  the 
actual  power  that  can  be  stored  in  the  battery.  It  should  be  noted 
that  the  maximum  battery  power  may  not  be  coincident  with 
the  maximum  TEG  output  power,  since  the  converter  power  loss 
may  not  be  constant.  So,  the  use  of  load  power  for  MPPT  can  vir¬ 
tually  maximize  the  power  output  of  the  whole  power  condi¬ 
tioning  system. 


The  implementation  of  the  P&O  technique  for  MPPT  is  shown  in 
Fig.  14.  Initially,  the  proposed  power  conditioning  system  works 
with  a  duty  cycle  <50  at  the  operating  point  A  or  B.  The  correspond¬ 
ing  output  power  is  denoted  as  P0.  In  the  first  perturbation,  a  posi¬ 
tive  increment  of  duty  cycle  A<5  is  applied  so  that  a  new  output 
power  Pi  is  resulted.  By  comparing  with  the  previous  value,  if  Pi 
not  less  than  P0  is  observed,  it  means  that  the  starting  point  is  A, 
and  3  will  keep  on  increasing  in  the  next  iteration  until  the  maxi¬ 
mum  output  power  Pmax  is  reached.  In  contrast,  if  Pi  less  than  P0  is 
observed,  it  indicates  that  the  starting  point  is  B,  and  3  will  be  re¬ 
duced  by  changing  the  sign  of  A<5  so  as  to  achieve  a  higher  power  in 
the  next  iteration.  By  repeating  this  searching  process,  namely 
maintaining  the  direction  if  the  new  power  is  not  less  than  the  pre¬ 
vious  power,  whereas  reversing  the  direction  if  the  new  one  is  less 
than  the  previous  one,  the  system  will  eventually  operate  at 
around  Pmax.  The  corresponding  program  flowchart  is  also  shown 
in  Fig.  15. 

5.  Experimental  results 

In  order  to  enable  a  manageable  environment  for  experimenta¬ 
tion,  the  proposed  waste  heat  energy  recovery  system  is  simplified 
in  such  a  way  that  the  TEG  power  system  adopts  only  six  TEG  de¬ 
vices  connected  in  series,  the  heat  exchanger  is  emulated  by  an 
electric  heater,  and  the  load  is  a  6V  lead-acid  battery  pack. 
Throughout  the  experimentation,  the  hot-side  and  cold-side  tem¬ 
peratures  of  the  TEG  system  are  measured  by  using  K-type  thermo¬ 
couples,  while  the  cold-side  temperature  is  always  kept  at  around 


TEG  Cuk  converter  Battery 


Fig.  13.  System  implementation. 
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Fig.  15.  Program  flowchart  of  MPPT  control. 


50  °C.  The  switching  frequency  of  the  Cuk  converter  is  also  kept 
constant  at  21.6  kHz. 

To  assess  whether  the  MPPT  controller  works  properly,  the  ini¬ 
tial  duty  cycle  is  set  to  20%  and  then  to  90%  for  each  hot-side  tem¬ 
perature,  namely  100, 125, 150, 175,  200,  225  and  250  °C.  It  can  be 
found  that  the  system  can  quickly  settle  at  the  same  maximum 
load  power  or  maximum  battery  power  for  both  <50  =  20%  and 
<5o  =  90%  with  A<5  =  1%.  It  confirms  that  the  system  can  perform 
MPPT  under  arbitrary  initial  duty  cycle  at  different  temperatures. 
The  corresponding  battery  power  characteristics  are  shown  in 
Fig.  16.  These  characteristics  also  reveals  that  when  the  hot-side 
temperature  increases  from  100  to  250  °C,  the  duty  cycle  for  MPPT 
decreases  from  65%  to  50%.  It  fully  agrees  with  our  expectation:  the 
higher  the  hot-side  temperature,  the  higher  the  value  of  Rg1  the 
higher  the  value  of  Rt  is  desired,  hence  the  smaller  the  value  of  S 
is  adopted  for  MPPT. 

Moreover,  the  battery  voltage  and  currents  at  the  hot-side  tem¬ 
perature  of  200  °C  are  measured  as  shown  in  Fig.  17.  It  can  be 


Fig.  17.  Battery  voltage  and  current  versus  duty  cycle  at  200  °C. 


found  that  the  battery  voltage  varies  between  6  and  7.3  V,  thus 
exhibiting  a  variation  of  21.6%.  Hence,  it  confirms  that  this  battery 
voltage  should  not  be  assumed  constant. 

Finally,  the  effectiveness  of  the  proposed  MPPT  is  evaluated  by 
comparing  the  experimental  results  with  those  obtained  by  using  a 
fixed  duty-cycle  Cuk  converter  and  using  direct  connection.  The 
fixed  duty  cycle  is  set  at  50%,  which  is  almost  the  optimal  value 
at  250  °C.  The  corresponding  maximum  battery  power  at  different 
hot-side  temperatures  are  shown  in  Fig.  18,  where  Popt,  Pfix  and  Pdir 
referred  to  the  maximum  power  obtained  by  using  the  optimal 
duty-cycle  Cuk  converter  with  MPPT  control,  the  fixed  duty-cycle 
Cuk  converter  without  MPPT  control,  and  the  direct  connection 
without  Cuk  converter,  respectively.  As  expected,  the  proposed 
power  conditioning  system  exhibits  improvement  over  the  others. 
In  order  to  quantify  the  improvement,  the  following  two  indicators 
are  defined: 

A  Pi  =  Popt~  Pjix  x  100%  (6) 

Pfix 

A  P2  =  P°'V  —  x  1 00%  (7) 

Pdir 

So,  the  corresponding  percentages  in  power  improvement  are  also 
plotted  with  dashed  lines  in  Fig.  18.  It  can  be  seen  that  the  power 
improvements  are  significant,  up  to  APi  =  14.5%  and  A P2  =  22.6% 
at  the  temperature  of  100  °C.  These  improvements  agree  with  the 
expectation,  since  the  converter  operating  at  a  fixed  duty  cycle 


Fig.  18.  Maximum  battery  power  and  power  improvement  at  different 
temperatures. 
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Table  1 

Accuracy  of  measurements. 


Measurement 

Equipment 

Accuracy 

Voltage  V 

Current  I 

Power  P 

Temperature  T 

Power  analyzer  PA2200 

Thermometer  with  K-type  thermocouple  UT327 

±0.1%  (reading)  ±0.1%  (range)  ±0.01%  per  kHz  ±10  mV 
±0.1%  (reading)  ±0.1%  (range)  ±0.02%  per  kHz  ±2  mA 
±0.2%  (reading)  ±0.1%  (range)  ±2mW  ±(0.02/PF)%  per  kHz 
±0.85%  (reading)  ±0.7  °C 

Table  2 

Impacts  of  measurement  accuracy  on  power  improvement. 


cannot  perform  effective  power  transfer  when  the  operating  tem¬ 
perature  deviates  from  its  predefined  optimal  temperature 
(<5  =  50%  for  250  °C). 

It  should  be  noted  that  a  practical  TEG  system  may  connect  over 
120  TEG  devices  in  series,  (over  20  times  of  the  current  experimen¬ 
tal  system),  and  the  working  temperature  at  the  exhaust  manifold 
may  over  750  °C  (over  3  times  of  the  current  experimental  system), 
the  recovered  power  can  be  over  600  W  which  accounts  for  about 
50%  power  consumption  of  automotive  electronics.  Therefore,  the 
proposed  waste  heat  energy  recovery  system  is  essential  for  all 
internal  combustion  engine  vehicles. 

6.  Discussion 


ing  error  at  50  °C  is  ±Ermin  =  ±1.125°C.  As  depicted  in  Table  2,  this 
temperature  reading  error  does  not  significantly  affect  the  percent¬ 
age  of  power  improvement. 

7.  Conclusions 

In  this  paper,  an  automotive  TE  waste  heat  energy  recovery  sys¬ 
tem  has  been  proposed  and  implemented.  The  proposed  system 
has  newly  adopted  the  Cuk  converter  for  power  conditioning,  since 
it  can  offer  non-pulsating  input  and  output  currents  which  can 
minimize  the  disturbance  to  the  TEG  and  the  battery,  respectively. 
Also,  the  MPPT  control  has  newly  utilized  both  the  battery  voltage 
and  battery  current  to  maximize  the  power  transfer,  since  it  can 
take  into  account  the  variation  of  battery  voltage  during  charging 
and  the  non-constant  power  loss  in  the  converter.  After  prototyp¬ 
ing  the  whole  system,  the  experimental  results  confirm  that  the 
MPPT  can  be  successfully  performed  at  arbitrary  initial  duty  cycles, 
and  the  resulting  power  improvements  can  be  up  to  14.5%  and 
22.6%  compared  with  the  cases  without  using  MPPT  and  even 
without  power  conditioning,  respectively.  The  accuracy  of  mea¬ 
surements  and  its  impact  on  power  improvement  have  also  been 
discussed. 


There  are  four  major  variables  that  need  measurements  in  the 
experiment,  namely  the  battery  voltage,  battery  current,  battery 
power  and  operating  temperature.  The  voltage,  current  and  power 
are  online  measured  by  a  power  analyzer  (AV  Power  PA2200), 
while  the  temperature  is  online  recorded  by  a  digital  thermometer 
equipped  with  K-type  thermocouple  (UNI-T  UT327).  The  corre¬ 
sponding  accuracy  of  measurements  is  listed  in  Table  1. 

Throughout  the  experiment,  the  selected  voltage  range  and  cur¬ 
rent  range  are  14  V  and  1.8  A,  respectively.  Since  both  the  voltage 
and  current  are  DC,  the  effects  of  frequency  and  power  factor  (PF) 
are  absent  in  the  power  measurement.  For  example,  when  the 
maximum  power  at  250  °C  is  measured  as  11.133  W,  the  accuracy 
of  power  measurement  can  readily  be  calculated  by  using  the  tab¬ 
ulated  accuracy  in  Table  1,  namely  ±EPm ax  =  ±49.5  mW.  Taking 
into  account  the  maximum  error  in  power  measurement,  the  worst 
scenarios  of  power  improvement  can  be  deduced  from  (6)  and  (7) 
as  given  by: 


AP\  = 
A  P'2  = 


(P  opt  Ep max)  ( Pfix  ±  Ppmax) 

P fix  ±  Pp  max 

(P opt  ~  Pp max)  —  (P dir  ±  Pp max) 
P dir  ±  Pp  max 


x  100% 

(8) 

x  100% 

(9) 

Hence,  the  originally  measured  power  improvement  A P1  and  A P2 
are  compared  with  the  worst-scenario  power  improvement  AP^ 
and  A P'2  at  different  temperatures  as  listed  in  Table  2.  It  can  be  seen 
that  even  under  the  worst-scenario  accuracy  of  measurements,  the 
power  obtained  by  using  the  proposed  MPPT  method  can  still  pro¬ 
vide  significant  improvement  over  the  other  two  methods. 

Concerning  the  accuracy  of  temperature  measurement,  the 
reading  error  can  be  easily  calculated  by  using  the  tabulated  accu¬ 
racy  in  Table  1.  Namely,  the  maximum  reading  error  occurs  at 
250  °C  and  is  given  by  ±ETmax  =  ±2.825°C,  while  the  minimum  read- 
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